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ABSTRACT
An Earth-like exoplanet orbiting a white dwarf would be exposed to different UV
environments than Earth, influencing both its atmospheric photochemistry and UV
surface environment. Using a coupled 1D climate-photochemistry code we model
atmospheres of Earth-like planets in the habitable zone of white dwarfs for surface
temperatures between 6000 K and 4000 K, corresponding to about 7 billion years of
white dwarf evolution, as well as discuss the evolution of planetary models in the
habitable zone during that evolution.
Subject headings: astrobiology, planets and satellites: atmospheres, planets and satellites: ter-
restrial planets, stars: evolution, white dwarfs
1. Introduction
Exoplanets have not yet been discovered
orbiting white dwarfs, but have been found
around pulsars, indicating that it is possible
to have planetary bodies orbiting stellar rem-
nants (Wolszczan & Frail 1992). Exoplanet
searches are underway around white dwarfs
(WDs) (e.g. Fulton et al. (2014); Fossati et
al. (2015); Veras & Ga¨nsicke (2015); Xu
et al. (2015)), as the similarity with Earth’s
size should make Earth-sized exoplanets tran-
siting WDs easier to detect and character-
ize than such planets around much larger
main sequence stars (e.g. via atmospheric
profile measurements from transit observa-
tions, “weather” modeling from orbital light
curves, direct measurement of atmospheric
constituents with spectroscopy, etc.) (Agol
2011). Studies of close-by WDs with NASA’s
K2 mission (Howell et al. 2014) constrain
the occurrence of Earth-sized habitable zone
(HZ) planets in those systems to be < 28%
(van Sluijs & Van Eylen 2017).
Assuming that an Earth-like planet could
form or survive around a WD, the WD cool-
ing process will provide a changing luminos-
ity as well as UV environment, which affects
an orbiting planet’s temperature, atmospheric
photochemistry, and UV surface flux. The lu-
minosity of a cool WD evolves slower than in
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its initial hot phase, thus cool WDs could pro-
vide stable environments for potentially hab-
itable planets (Agol 2011). Several studies
have suggested that the unique UV environ-
ment would be high enough to sustain com-
plex chemical processes necessary for Earth-
like life, while not being strong enough to
damage DNA (McCree 1971; Fossati et al.
2012) using estimates assuming present day
Earth atmospheres.
Multiple teams have shown that a fraction
of WDs show evidence of recent heavy metal
pollution, which could signal the existence
of either disks or planets (e.g. Koester &
Wilken (2006); Koester et al. (2014); Hamers
& Portegies Zwart (2016); Klein et al. (2011);
Malamud & Perets (2016)). For reviews of
WD debris disks and pollution see Jura &
Young (2014) and Farihi (2016), and for po-
tential post-main sequence planetary evolu-
tion see Veras (2016).
Transit simulations using an unchanged
present-day Earth-analog atmosphere compo-
sition suggest that the depth of Earth’s biosig-
natures around a WD would be very strong
and detectable by future missions such as
JWST (Loeb & Maoz 2013). However a
WD’s spectral energy distribution (SED) can
be significantly different from our present-
day Sun. To model the effects of the WD’s
emitted flux on the atmosphere as well as
the surface UV environment of an exoplanet,
we use incident WD SED models at different
points of a 0.6 MWD’s evolution (Figure 1)
in our models between 6000 K and 4000 K
(Figure 2).
We model planets orbiting WDs at three
points in their evolution (Figure 2), with sur-
face temperatures at 6000 K, 5000 K and
4000 K, during which time the WD’s lumi-
nosity does not change significantly com-
pared to the early luminosity change in a
WD’s evolution (see Figure 1). That sur-
face temperature change corresponds to about
7 billion years (Gyr) for a 0.6 MWD. We
consider planets with eroded atmospheres as
well as with higher surface pressure (e.g.
super-Earths). We show the atmospheric
structure and chemical composition as well
as the UV surface fluxes at biologically rele-
vant wavelengths.
2. Methods
2.1. Planet model: EXO-Prime
We use EXO-Prime (see e.g. Kaltenegger
& Sasselov (2010)); a coupled 1D radiative-
convective atmosphere code developed for
rocky exoplanets. The code is based on itera-
tions of a 1D climate model (Kasting & Ack-
erman 1986; Pavlov et al. 2000; Haqq-Misra
et al. 2008), a 1D photochemistry model
(Pavlov & Kasting 2002; Segura et al. 2005,
2007), which are run to convergence (see de-
tails in Segura et al. (2005)). EXO-Prime
models exoplanet atmospheres and environ-
ments depending on the stellar and planetary
conditions, including the UV radiation that
reaches the surface and the planet’s reflection,
emission and transmission spectrum. We di-
vide the atmosphere in 100 plane parallel lay-
ers for our model up to an altitude of 60 km
(or a pressure of 1 mbar) using a stellar zenith
angle of 60 degrees.
Visible and near-IR shortwave fluxes are
calculated with a two stream approximation
including atmospheric gas scattering (Toon
et al. 1989), and longwave fluxes in the
IR region are calculated with a rapid ra-
diative transfer model (RRTM). A reverse-
Euler method within the photochemistry
code (originally developed by Kasting et al.
(1985)) contains 220 reactions to solve for 55
chemical species.
First, we scale the incident WD flux at the
top of the model planetary atmospheres to the
total integrated flux Earth receives from the
Sun (Seff ) to model how the WD’s irradiance
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Fig. 1.— White dwarf (WD) luminosity evolution calculated using cooling models from Bergeron
et al. (2001) for a 0.6 M WD, showing (left) WD luminosity (LWD) versus age of a 0.6 M WD
model and (right) the 1 AU equivalent orbital distance, where a planet would receive the same
irradiance as Earth, for the same WD model. The three points (6000 K, 5000 K, and 4000 K) indi-
cate the WD evolution for the planet models discussed. The inset panels show the same quantities
plotted over a larger parameter ranges using the WD’s surface temperature on the y-axis instead of
the luminosity (see text).
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Fig. 2.— Comparisons of the irradiance at the top of the atmosphere (ITOA) for planets orbiting
a WD compared to the Earth-Sun system both at high resolution (dashed lines) and binned to the
wavelength grid of the climate and photochemistry model resolution (solid lines). All spectra are
scaled to the level of present day Earth’s irradiance.
changes the planetary environment compared
to Earth. We then bin the high resolution
spectra to the resolution of the wavelength
grid of the climate/photochemistry models
(both shown in Figure 2). We model plan-
ets with surface pressures of 0.3 bar (e.g.
3
eroded atmosphere), 1 bar (Earth analogue),
and 1.5 bar and 2 bar.
In our planetary models we keep the plan-
etary outgassing rates constant for H2, CH4,
CO, N2O, and CH3Cl and maintain the mix-
ing ratios of O2 at 0.21 and CO2 at 3.55×10−6
to be able to compare the effect of the irra-
diation on the planetary atmosphere, with a
varying N2 concentration that is used as a fill
gas to reach the set surface pressure of the
model (following Segura et al. (2003, 2005);
Rugheimer et al. (2013, 2015,b); Rugheimer
& Kaltenegger (2018)). Note that by keeping
the outgassing rates constant, lower surface
pressure atmosphere models initially have
slightly higher mixing ratios of chemicals
with constant outgassing ratios than higher
surface pressure models.
2.2. White Dwarf Model Spectra
WDs are unique stellar environments with
very high surface gravities and extremely
dense interiors and physical conditions. They
have no internal heat source, and thus cool
off over time (Figure 1). We use WD spectral
energy distribution models (SED) calculated
as described in Saumon et al. (2014) (Fig-
ure 2) as irradiation for the planetary mod-
els (see e.g. Bergeron et al. (1997); Kowal-
ski & Saumon (2006); Kilic et al. (2009a,b);
Giammichele et al. (2012); Saumon et al.
(2014) for detailed discussion on WD spec-
tra). The WD models assume a pure H atmo-
spheric composition with a surface gravity of
log g = 8.0 in creating the models for the
average mass of WD in the field (0.6 M;
e.g. Kepler et al. (2016)). The WD radius
is then recovered by finding the intersection
of the standard surface gravity formula with
the WD mass-radius-(temperature) relation
for C-O core WDs with thick H layers dis-
cussed by Parsons et al. (2017)(see their Fig-
ure 9; also see Benvenuto & Althaus (1999);
Fontaine et al. (2001); Parsons et al. (2017)
extrapolated to T<10,000 K. The radius of
the WD in our model is 0.0128±0.0001 R
for surface temperatures of 6000 K to 4000 K.
WD spectra are similar to black bodies with
only Balmer absorption lines for surface tem-
peratures greater than 5000 K, where hydro-
gen becomes neutral as shown in Figure 2.
We use models from Bergeron et al. (2001)
for the temperature evolution of the WD (see
Figure 1).
2.3. Photochemistry of some biologically
interesting species
Some atmospheric species exhibit notice-
able features in our planet’s spectrum as a re-
sult directly or indirectly from biological ac-
tivity. The main ones are oxygen (O2), ozone
(O3), methane (CH4), nitrous oxide (N2O)
and methyl chloride (CH3Cl) (see e.g. De-
marais et al. (2012); Kaltenegger (2017)). We
summarize the most important reactions that
influence these species in Earth’s atmosphere
here. Many reactions in Earth’s atmosphere
are driven by the Sun’s UV flux. Ozone and
O2 are created with UV photons through the
Chapman reactions (Chapman 1930),
O2 + hν → O + O (λ < 240 nm),
O + O2 +M → O3 +M,
O3 + hν → O2 + O (λ < 320 nm),
O3 + O→ 2O2,
(1)
where M is a background molecule such as
N2. These reactions are primarily responsible
for ozone production on present day Earth.
A higher UV flux additionally increases the
primary source reactions of tropospheric hy-
droxyl (OH) for 300 < λ < 320 nm in the
troposphere,
O3 + hν → O(1D) + O2,
O(1D) + H2O→ OH + OH,
(2)
reducing O3 and H2O. Increased OH is the
primary sink for H2, CH4, CH3Cl, and CO
abundances.
4
Methane (CH4) is a reducing gas that has a
lifetime of 10-12 years in present day Earth’s
atmosphere (Hougton et al. 2004) due to reac-
tions with oxidizing species. It has both nat-
ural (termites, wetlands) and anthropogenic
sources (rice agriculture, natural gas). It is
oxidized via
CH4 + 2O2 → CO2 + 2H2O, (3)
creating H2O and H2 via photolysis,
CH4 + hν → CH2 + H2. (4)
Its main sink is due to the reaction,
OH + CH4 → CH3 + H2O, (5)
in the troposphere, and photolysis in the
stratosphere. This reaction also creates H2O
in the stratosphere, above where it is shielded
by the ozone layer.
On Earth both nitrous oxide (N2O) and
methyl chloride (CH3Cl) are primarily pro-
duced by life, and are depleted by higher
amounts of UV. N2O is a greenhouse gas that
is extremely effective when trapping heat. It
is produced naturally in soil through nitrifica-
tion and denitrification, and its anthropogenic
source is from agriculture. Photolysis of N2O
occurs for λ < 220 nm, and is its main sink
on present day Earth. Increased O3, e.g. due
to UV irradition, is also a sink of N2O,
N2O + O(1D)→ 2NO, (6)
creating NO. It depletes ozone via
NO + O3 → NO2 + O2. (7)
On Earth CH3Cl is naturally produced in
oceans via light interacting with sea foam
chlorine and biomass and in small amounts
by phytoplankton. CH3Cl reacts with OH
creating Cl, a component of chlorofluorocar-
bons which damage the ozone layer. It is
converted into chlorine via the reactions,
CH3Cl + OH→ Cl + H2O,
CHCl + hν → CH +Cl,
CH3Cl + Cl→ HCl + Cl.
(8)
3. Results
3.1. Time evolution of a white dwarf’s
habitable zone
During the cooling process of a WD, its
surface temperature as well as its overall lu-
minosity decreases. This, in turn, influences
the orbital distance of its HZ. The HZ is the
circular region around one or multiple stars in
which standing bodies of liquid water could
exist on a rocky planet’s surface (e.g. Kasting
et al. (1993); Kaltenegger & Haghighipour
(2013); Haghighipour & Kaltenegger (2013);
Kopparapu et al. (2013, 2014); Ramirez &
Kaltenegger (2017)) and facilitate the detec-
tion of possible atmospheric biosignatures
(see e.g. Kaltenegger (2017)). The classical,
conservative N2-CO2-H2O HZ is defined by
the greenhouse effect of two gases: CO2 and
H2O vapor. The inner edge corresponds to the
distance where mean surface temperatures
exceed the critical point of water (∼647 K,
220 bar), triggering a runaway greenhouse
that leads to rapid water loss to space on very
short timescales (see Kasting et al. (1993)
for details). Toward the outer edge of the
classical HZ weathering rates decrease, al-
lowing atmospheric CO2 concentrations to
increase as stellar insolation decreases. At
the outer edge, condensation and scattering
by CO2 outstrips its greenhouse capacity, the
so-called maximum greenhouse limit of CO2.
The cooling of a WD translates into an in-
ward shift of the orbital distances of the WD
HZ, (Figure 3a). In addition to the decrease
in overall irradiance (Seff ) as the WD cools,
some of the change in the HZ orbital distance
is also caused by the shift of the peak wave-
length of emission of the WD SED to redder
wavelengths, which heat the surface of the
planet more efficiently than bluer light (e.g.
Kasting et al. (1993)). A 0.6 MWD spends
about 7 Gyr cooling from 6000 K to 4000 K,
providing a phase during which its luminos-
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ity does not rapidly change and thus it could
provide temperate conditions for an orbiting
planet. The size of the WD HZ is shown in
Figure 3a as well as the corresponding irradi-
ance of a planet, normalized to the value for
Earth (Seff ) shown in Figure 3b. Because of
the small size of a WD compared to the Sun,
the WD HZ is a factor of ∼100 to ∼1000
times closer to the WD than Earth is to the
Sun.
An alternative HZ limit that is not based
on atmospheric models (like the classical HZ)
but on empirical observations of our Solar
System is also shown in Figure 3 for com-
parison. The inner edge of the empirical
HZ is defined by the stellar flux received
by Venus when we can exclude the possi-
bility that it had standing water on the sur-
face (about 1 Gyr ago), equivalent to a stel-
lar flux of Seff = 1.77, corresponding to a
distance of 0.75 AU for Earth’s current So-
lar flux (Kasting et al. 1993). The “early
Mars” limit is based on observations suggest-
ing that the Martian surface may have sup-
ported standing bodies of water ∼3.8 Gyr
ago, when the Sun was only 75% as bright
as today. For our solar system, Seff = 0.32
for this limit, corresponding to a distance of
∼1.77 AU (e.g. Kasting et al. (1993)).
We first explore the range of conditions for
Earth-like planets orbiting WDs of different
temperatures seen at one point in time (see
Sections 3.2 and 3.3). Then we model two
case studies, A and B, as shown in Figure 3,
which explore the environment of a planet in
the HZ of a WD as it cools (see Section 3.4).
3.2. Planetary photochemistry environ-
ments for different stages in a WD’s
evolution
The lack of chromospheric activity for
a WD at different stages in its evolution
causes photochemical differences in the at-
mospheres of planets orbiting it compared
to Earth. We modeled planets with different
surface pressures, which receive an equiva-
lent total irradiance as Earth from the Sun
(Seff ) from a WD at three different stages
in its evolution: for WD surface tempera-
tures of 6000 K, 5000 K and 4000 K. We
model planets with surface pressures rang-
ing from 2 bar to 0.3 bar. Table 1 summa-
rizes the model planet surface temperature
and integrated overall ozone column depth
(ozone column depth) for the different plan-
etary models as well as our Earth model for
comparison. Figure 4 shows the changes in
temperature as well as the mixing ratio for
O3, CH4, H2O, CH3Cl and N2O for the dif-
ferent models, compared to Earth.
Figure 4 shows that in the model atmo-
spheres H2O photolysis increases with higher
UV levels in the upper atmosphere, where
H2O is not shielded from incoming photons
below the ozone layer. N2O is depleted by
photolysis, with a decreasing mixing ratio to-
ward the top of the atmosphere, but remains
well mixed beneath the ozone layer, where it
is shielded. All higher surface pressure mod-
els show increased amounts of CH4, N2O,
and CH3Cl in the upper atmosphere. At-
mospheric H2O increases with higher surface
temperatures.
The WD cooling process provides a chang-
ing luminosity as well as UV environment at
a set orbital distance, as seen in Figure 1. The
decrease in UV incident flux leads to an over-
all decrease in the ozone level. Compared to
present day Earth’s integrated overall ozone
column depth, a higher surface pressure at-
mosphere receiving similar UV irradiance
has a higher ozone column depth, as seen in
the values for our planet models with surface
pressures above 1 bar orbiting a WD with a
surface temperature of 6000 K. Table 1 shows
the absolute values for our models as well as
present day Earth’s.
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Fig. 3.— Size of a WD’s HZ (left) as well as the corresponding range of WD irradiance, normalized
to the value for Earth (Seff ) (right). The shaded green region represents the classical HZ for our
WD model (following Kopparapu et al. (2014)). The red (recent Venus) and blue (early Mars) lines
show the limits of the empirical HZ (following Ramirez & Kaltenegger (2017)). Two case studies
for a planet in the WD’s HZ, Case A and B, are indicated in both panels. The black dots indicate
the specific WD surface temperatures and planetary distances/Seff values we model in this study.
Table 1: Model summary for Earth-equivalent irradiance
Host Teff Pressure Surface Ozone Column
(K) (bar) Teff (K) Depth (cm−2)
Present day Earth 1.0 288.2 5.4×1018
6000 0.3 280.7 3.6×1018
6000 1.0 285.6 5.7×1018
6000 1.5 288.0 6.5×1018
6000 2.0 289.0 6.9×1018
5000 0.3 282.4 2.6×1018
5000 1.0 290.8 3.9×1018
5000 1.5 295.0 4.2×1018
5000 2.0 298.1 4.5×1018
4000 0.3 282.8 1.1×1018
4000 1.0 294.3 1.8×1018
4000 1.5 300.4 2.1×1018
4000 2.0 305.1 2.3×1018
3.2.1. WD photochemistry: Earth-analogue:
1 bar surface pressure models
Planet models with a 1 bar surface pres-
sure, analogous to Earth, orbiting WDs show
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Fig. 4.— Temperature and chemical mixing ratios for some biological interesting species for model
planets orbiting a WD (blue solid lines) with 3 different surface temperatures (6000 K, 5000 K and
4000 K). Earth’s values are shown for comparison (black dashed line).
surface temperatures 285.6 K, 290.8 K, 294.3 K
for WD surface temperatures of 6000 K,
5000 K and 4000 K respectively.
However, the different WD UV environ-
ments compared to the Sun’s lead to a 5% in-
crease in ozone column depth for the 6000 K
WD surface temperature, and a 28% and
67% decrease of ozone column depth for the
5000 K and 4000 K WDs compared to Earth.
Higher ozone levels cause a higher rate
of the R2 reaction, producing OH. Increased
amounts of OH for higher UV levels depletes
CH4 via the R5 reaction, and similarly CH3Cl
via the R8 reaction (see Figure 4).
3.2.2. WD photochemistry eroded atmo-
spheres: 0.3 bar surface pressure
models
Planet models with a 0.3 bar surface pres-
sure, analogous to eroded atmospheres, orbit-
ing WDs show lower surfaces temperatures
than 1.0 bar models, increasing with decreas-
ing WD surface temperature from 280.7 K to
282.8 K, respectively. The different UV WD
environments, the decreased overall amount
of oxygen, as well as the decreased density of
8
the atmosphere lead to a 33%, 52%, and 80%
decrease in ozone column depth compared to
Earth. Longer mean-free-paths due to lower
atmospheric density result in photolysis oc-
curring at lower altitudes, causing ozone to
form closer to the ground (see Figure 4).
3.2.3. WD photochemistry: Higher surface
pressure planets: 1.5 & 2.0 bar sur-
face pressure models
The 1.5 bar surface pressure models,
for higher surface pressure planets, orbiting
WDs show surfaces temperatures of 288.0 K,
295.0 K, 300.4 K for WD surface temper-
atures of 6000 K, 5000 K and 4000 K re-
spectively. The different UV environments
compared to the Sun and the increase in over-
all oxygen content as well as density of the
atmosphere lead to a 20% increase in ozone
column depth for the 6000 K WD surface
temperature, and a 22% and 61% decrease in
ozone column depth compared to Earth for
the 5000 K and 4000 K WDs, respectively.
Planet models with a 2 bar surface pres-
sure show surfaces temperatures of 289.0 K,
298.1 K, 305.1 K for WD surface tempera-
tures of 6000 K, 5000 K and 4000 K respec-
tively. The different UV environments com-
pared to the Sun and the increase in overall
oxygen content as well as density of the at-
mosphere lead to a 28% increase in ozone
column depth for the 6000 K WD surface
temperature, and a17%, and 57% decrease in
ozone column depth compared to Earth, less
than for the 1.5 bar surface pressure case.
3.3. UV surface environment around an
evolving WD
The WD cooling process provides a chang-
ing luminosity as well as UV environment at
a set orbital distance, as seen in Figure 2. The
UV surface environment for our planetary
models from eroded atmospheres to dense
atmospheres with increased surface pressure
is shown in Figure 5, with integrated fluxes
for UVA (315-400 nm), UVB (280-315 nm),
and UVC (121.6-280 nm) are shown in Ta-
ble 2, with comparisons to the Earth-Sun
system’s integrated fluxes in Table 3. Note
that this model does not take scattering or
clouds into account and thus overestimates
the amount of UV that reaches the surface.
However the comparison between the val-
ues and models for the UV environment on
present-day Earth gives a clearer picture of
the level of UV radiation that reaches the
ground, compared to our own planet. High
energetic UV is capable of causing harm to
biological molecules, like DNA (e.g. Voet et
al. (1963); Diffey (1991); Matasunaga et al.
(1991); Tevini (1993); Cockell (1998); Ker-
win & Remmele (2007)). Present day Earth
surface life is protected by the ozone layer,
which shields the surface from the most bio-
logically dangerous radiation (UVC).
3.3.1. Surface UV environments: Earth
1 bar surface pressure models
For comparison we first model the amount
of radiation that reaches the Earth’s surface
(see also Rugheimer et al. (2015)). For our
present-day Earth model the integrated UVA
ground flux compared to the UVA ITOA flux
is 70%. For integrated UVB flux, which is
partially shielded by ozone, 11% of the ITOA
UVB flux reaches the surface. The UVC flux
is almost completely shielded by an ozone
layer, and only 5.4×10−18% of the ITOA in-
tegrated UVC flux reaches the surface (see
Table 5).
3.3.2. WD surface UV environments: Earth-
analogue: 1 bar surface pressure
models
For our 1 bar surface pressure planet mod-
els, the amount of UVA flux at the surface
compared to the ITOA integrated flux in-
creases from 70% to 76% for the 6000 K
9
to 4000 K WD surface temperature cases re-
spectively, compared to the 70% for present
day Earth models. For UVB, it increases
from 11%, to 26% of the ITOA integrated
UVB for the 6000 K to 4000 K WD surface
temperature cases respectively, compared to
11% for Earth models. The UVC flux is al-
most completely shielded by an ozone layer,
and is only 1.0×10−18% to 1.2×10−5% of the
ITOA integrated UVC flux, for the 6000 K
to 4000 K WD surface temperature cases
respectively, compared to 5.4×10−18% on
present day Earth.
3.3.3. WD surface UV environments: Eroded
atmospheres: 0.3 bar surface pres-
sure models
For our 0.3 bar surface pressure planet
models, the amount of integrated UVA sur-
face flux compared to the ITOA integrated
flux increases from 93% to 98% for the
6000 K to 4000 K WD surface temperature
cases, compared to 70% for present day Earth
models. For integrated UVB flux there is
an increase from 23%to 48% of the ITOA
UVB for the 6000 K to the 4000 K WD sur-
face temperature cases, higher than the 11%
for present day Earth. The total integrated
UVC surface flux increases from 1.0×10−9%
to 4.3×10−3% of the ITOA flux for the
6000 K to the 4000 K WD surface temper-
ature cases, orders of magnitude higher than
the 5.4×10−18% for Earth.
3.3.4. WD surface UV environments: higher
surface pressure planets: 1.5 bar and
2 bar surface pressure models
For our 1.5 bar surface pressure planet
models, the amount of integrated surface
UVA flux compared to the ITOA integrated
flux increases from 60% to 65% for the
6000 K through 4000 K WD surface tem-
perature cases, less than the 70% for present
day Earth models. For UVB surface flux
there was an increase of 7.6% to 19% of the
ITOA integrated UVB flux for the 6000 K to
4000 K WD surface temperature cases, com-
parable to 11% for Earth models. The UVC
ground flux increased from 1.8×10−21% to
9.9×10−7% of the ITOA integrated flux for
the 6000 K to the 4000 K WD surface tem-
perature cases, respectively, compared to
5.4×10−18% for present day Earth.
For our 2 bar surface pressure planet mod-
els, the amount of integrated UVA ground
flux compared to the ITOA integrated flux
increases from 53% to 58% for the 6000 K
to 4000 K WD surface temperature cases,
respectively, less than 70% for present day
Earth models. For UVB integrated ground
flux there is an increase of 6.1% to 15% of
ITOA UVB integrated flux reaching the sur-
face for the 6000 K through 4000 K WD sur-
face temperature cases respectively, compa-
rable to 11% for present day Earth. The in-
tegrated UVC flux to the ground increases
from 9.6×10−23% to 1.4×10−7% of the orig-
inal integrated ITOA flux for the 6000 K
to 4000 K WD surface temperature cases,
respectively, compared to 5.4×10−18% for
Earth models.
The planetary models with the 4000 K
WD surface temperature host show the high-
est overall UVC ground flux despite having a
lower UVC ITOA integrated flux, because of
the lower ozone level in these atmospheres,
compared to hotter WD models.
Overall, Figure 5 shows that the UV sur-
face environment for our model planets orbit-
ing WDs. The 1 bar surface pressure model
for a 6000 K WD surface temperature model
receives similar UV surface levels as present
day Earth models. Only the 1.5 bar and 2 bar
surface pressure models for the same 6000 K
WD surface temperature receive a lower UV
integrated surface flux than present day Earth.
For all other models, the UV surface flux is
higher than for present day Earth, especially
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the UVC environment (see Table 3).
3.4. Planetary environments for planets
in the HZ through the evolution of a
WD
We model two case studies, A and B, as
shown in Figure 3, which explore the envi-
ronment of a planet with a 1 bar surface pres-
sure (i.e., an Earth analogue) in the HZ of a
WD during its evolution. Case A shows the
maximum time a planet can stay in the HZ
of the WD as the WD cools from 6000 K to
4000 K. This amounts to∼6 Gyr for the clas-
sical (conservative) HZ and ∼8.5 Gyr for the
empirical HZ. Case B focuses on a planet that
initially receives the same irradiance as Earth
around a WD with a surface temperature of
5000 K. As the WD cools from 6000 K to
4000 K the planet spends ∼4 Gyr in the con-
servative HZ and∼7 Gyr in the empirical HZ.
Model parameters and results are shown in
Tables 4 and 5, with comparisons to Earth in
Table 6 for both cases. UV environments are
shown in Figure 6 for Case A and Figure 7
for Case B, and photochemistry is shown in
Figure 8.
Such a planet could have orbited in the HZ
of a cool WD for longer than the Earth has
existed. Single-celled life likely emerged on
Earth less than 1 Gyr after its formation, with
multicellular life following 2.7 Gyr later.
3.4.1. Case A
The orbital distance of 0.0085 AU or
1.3 million km leads to a changing illumina-
tion by the cooling WD from Seff of 1.34 for
a 6000 K WD surface temperature, to Seff
of 0.64 for a 5000 K WD surface temper-
ature, to Seff of 0.26 for the 4000 K WD
surface temperature model. This leads to de-
creasing planetary surfaces temperatures of
328.4 K, 249.6 K, 191.9 K for WD surface
temperatures of 6000 K, 5000 K and 4000 K,
respectively.
In our model the planet’s surface temper-
ature is on average above freezing for only
a part of the time the planet spends in the
WD’s HZ, a few billion years (Figure 1 and
Figure 3). However we have not adjusted
the CO2 content in our models, thus if a
cycle similar to the carbonate silicate cy-
cle on Earth existed on such a planet, CO2
concentration should increase, heating the
planet’s surface temperature and keeping it
from freezing. As shortly discussed, a geo-
logically active planet is the underlying as-
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sumption of continued habitability during a
star’s evolution, and is what led to the concept
of the HZ (see e.g. Kasting et al. (1993)). For
a WD, a similar cycle could be possible, ex-
tending the time the surface of such a planet
can be above freezing to the full range of its
time in the WD’s HZ.
The different WD UV environments com-
pared to the Sun lead to a 29%, 18%, and
82% decrease in overall ozone column depth
compared to Earth. As shown in Figure 8,
ozone levels are highest for a WD model of
5000 K, providing a slightly higher shield-
ing from UV than present day Earth. How-
ever, during both the 6000 K and 4000 K WD
surface temperature stages, the UVC flux at
the surface increases substantially for differ-
ent reasons. During the 6000 K WD sur-
face temperature period, UV photons with
λ < 320 [R1] are available. These can dis-
sociate ozone, therefore increasing the UV
surface flux. The 4000 K WD model has a
comparably high amount of surface UVC ra-
diation because low UV irradiation from the
4000 K WD cannot initially produce enough
ozone to efficiently shield the surface of the
planet.
The amount of UVA integrated surface
flux compared to the ITOA integrated flux is
71%, 74%, and 78%, for the 6000 K, 5000 K,
and 4000 K WD surface temperature cases,
comparable to the 70% for model Earth mod-
els. For UVB flux, which is partially shielded
by ozone, 24%, 15%, and 32% of the in-
tegrated ITOA UVB reach the surface, for
the 6000 K, 5000 K, and 4000 K WD sur-
face temperature cases, compared to 11% for
present day Earth models. The UVC flux
is almost completely shielded by an ozone
layer, and the percentage of the integrated
ITOA flux reaching the planetary surface
1.0×10−5%, 2.4×10−14%, and 1.0×10−3%,
for the 6000 K, 5000 K, and 4000 K WD
surface temperature cases, respectively, com-
pared to 5.4×10−18% for present day Earth
models.
3.4.2. Case B
The orbital distance of the planet is 0.0069 AU
in Case B. This corresponds to an illumina-
tion of 1.0 Seff for the 5000 K WD, which
evolves to 0.41 Seff as the WD cools to
4000 K. For Case B planet models the sur-
faces temperatures are 290.8 K and 216.9 K
for WD surface temperatures of 5000 K and
4000 K, respectively. The different UV envi-
ronments compared to the Sun lead to a 39%
and a 77% decrease in overall ozone column
depth for WD surface temperatures of 5000 K
and 4000 K, respectively, compared to Earth.
The amount of UVA ground flux compared
to the ITOA integrated flux is 73% and 77%,
for the 5000 K and 4000 K WD surface tem-
perature models, respectively (see Figure 7),
comparable for the 70% for present day Earth
models. For UVB flux, which is partially
shielded ozone, only 16%, and 36% of the
integrated ITOA UVB reaches the surface,
for the 5000 K and 4000 K WD surface tem-
perature cases, compared to 11% for present
day Earth models. The UVC flux is al-
most completely shielded by an ozone layer,
and is 1.1×10−12%, and then 1.1×10−2% of
the ITOA integrated UVC flux, compared to
5.4×10−18% for present day Earth models.
As the UV levels from the WD decrease,
less ozone is produced in the planet’s atmo-
sphere and thus UVB and UVC surface lev-
els increase. Average surface temperature de-
creases below freezing for outgassing rates
similar to present day Earth. However, as
discussed for Case A, if a carbonate-silicate
cycle exists, increased amounts greenhouse
gases should increase surface temperatures
above freezing for an Earth-like planet even
with decreasing illumination by the cooling
WD.
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Fig. 6.— UV surface flux for Case A with a planet orbiting at 0.0085 AU from its host, corre-
sponding to Seff = 1.34 for for the 6000 K model, Seff = 0.64 for a 5000 K model, and Seff = 0.26
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4. Discussion
4.1. How could white dwarf planets form?
The mechanisms required for a WD plan-
etary system to form as secondary genera-
tion objects from a disk or to survive post-
main sequence evolution are not well under-
stood. During the post main sequence evo-
lution of the host into a WD, inner rocky
planets (within 1-2 AU) would likely be de-
stroyed (e.g. Villaver (2011); Kunitomo et al.
(2011); Villaver (2012); Mustill & Villaver
(2012); Villaver et al. (2014)), while stellar
mass loss would cause semimajor axis ex-
pansion for outer planets (e.g.Veras (2016);
Ramirez & Kaltenegger (2016)). Exomoons
of outer planets could potentially migrate in-
ward (Veras 2016; Ramirez & Kaltenegger
2016), although the estimated occurrence rate
wouldn’t explain the rate of polluted WDs
(van Sluijs & Van Eylen 2017; Van Eylen et
al. 2017). Second-generation planets could
even form from fall-back of debris initially
expelled during the post-main sequence evo-
lution of the host star (Veras 2016). An inter-
esting system is WD1145+017, a WD orbited
by a rocky minor planet undergoing tidal dis-
integration at the system’s Roche limit (Van-
derburg et al. 2015).
4.2. Only dry planets? White dwarfs
start with an extremely hot phase
With no stellar mass loss during the WD
phase (and assuming rapid tidal circulariza-
tion of its orbit), a planet should remain at
the same orbital distance during a WD’s evo-
lution. Due to the extreme change in lumi-
nosity early in a WD’s evolution (Figure 1)
a temperate planet around a cool WD would
have thus experienced an extremely high lu-
minosity and corresponding surface tempera-
ture early in its history. This would initiate
a runaway greenhouse process and extreme
water loss on such planets early in their his-
tory. Similarly for planets orbiting pre-main
sequence M-type stars, which also are more
luminous initially and should be able to ini-
tiate a runaway greenhouse phase and water
loss on a temperate planet that can be found in
the main sequence HZ later on (see Ramirez
& Kaltenegger (2014); Barnes et al. (2015)),
there may be methods of late water delivery
occurring in a WD system after to the WD
has cooled to a surface temperature that main-
tains a slower changing luminosity (e.g. Jura
& Xu (2010); Farihi et al. (2013); Malamud
& Perets (2016, 2017a,b)).
Any Earth-like planet that is orbiting too
close to the WD would remain in a runaway
greenhouse stage for a certain time, until it
entered the WD HZ. Whether or not such
planets would have lost all their water at that
point would depend strongly on the initial
water reservoir, and whether it can be replen-
ished. Thus, whether a WD planet can host
water and an Earth-like atmosphere, is an
open question and will depend on its evolu-
tion as well as when the WD planet is formed,
from what materials it is made of and whether
the possibility of a continuous water delivery
exists in WD planetary systems.
4.3. A white dwarf planet’s evolution dif-
fers from that of Earth
A planet orbiting a WD will receive de-
creasing overall energy from its host during
the WD’s cooling process. Its evolution is
very different from that of a planet orbiting
a main sequence star, whose luminosity in-
creases with time, pushing the HZ to wider
separations. For a planet around a main se-
quence star, the increase in greenhouse gases
at the inner edge of the HZ coupled with the
increasing luminosity of the host star limit
the time it can remain habitable. If a cycle
similar to the carbonate silicate cycle could
also operate on WD planets, planets on the
inner edge of a WD could build up substan-
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tial greenhouse gas amounts in their atmo-
spheres as well; however due to the decreas-
ing luminosity of their WD host, such build
up of greenhouse gases could help to main-
tain warm surface temperature as the WD flux
decreases, possibly extending the length of
time life could survive on WD planets.
5. Conclusions
Our models explore the atmospheric en-
vironments of planets orbiting WDs, taking
into consideration the changing surface tem-
peratures and UV environments of WDs dur-
ing their cooling process.
We model the atmospheric composition
as well as the UV surface environments of
Earth-like planets orbiting WDs during dif-
ferent points throughout a WD’s evolution.
Our planet models have surface pressures
ranging from 2 bar to 0.3 bar, including
Earth-analog planets with 1 bar atmospheres,
as well as planets with 0.3 bar surface pres-
sure (e.g. eroded atmospheres) and planets
with higher surface pressures of 1.5 bar and
2 bar (e.g, super-Earths).
The integrated overall ozone column depth
is less than on present day Earth for all our
model runs, except for the models with sur-
faces pressures of 1 bar or above for the WD
6000 K surface temperature model, which
provides similar UV to the Sun. The UV
surface environment on a planet is controlled
primarily by the incoming irradiation and by
the planetary atmospheric composition. The
UV surface environment for all our planetary
models orbiting WDs show increased surface
UVC flux up to several orders of magnitude
compared to present day Earth, except for
the models with surface pressures of 1 bar
or above for the 6000 K WD model (see
Table 5). The UVC can become substan-
tially higher for the cool 4000 K WD surface
temperature model runs, making those model
planet surface environments harsh for life as
we know it.
In addition to individual models that rep-
resent a planet orbiting a WD at a certain
time during the cooling process (i.e., specific
WD surface temperatures), we also model
two planets through their evolution while the
WD cools, representing two possible tracks
through a WD’s HZ. Both cases show a de-
crease of ozone for the three points mod-
eled (for WD surface temperature of 6000 K,
5000 K and 4000 K and the corresponding
irradiation on the planets) as well as an in-
crease in UVC surface flux over time.
Due to the extreme change in luminosity
early in a WD’s evolution a temperate planet
around a cool WD would have experienced
extremely high luminosity and corresponding
surface temperature early in its history, what
should initiate a runaway greenhouse process
and extreme water loss on such planets early
in their history. Whether or not such planets
would have lost all their water at that point
would depend strongly on the initial water
reservoir, and whether it can be replenished,
leaving open the question about whether an
Earth-like planet could survive around WDs
if formed. However due to the extremely fa-
vorable size ratio of an Earth-like planet com-
pared to a WD, as well as the low luminosity
of a WD compared to a main sequence host
star, WD exoplanets will make interesting tar-
gets for characterization.
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Table 3: UV Integrated fluxes compared to Earth
Host Teff Pressure WD UV/ Present day Earth UV
(K) (bar) UVA (315-400 nm) UVB (280-315 nm) UVC (121.6-280 nm)
6000 0.3 2.1 3.3 4.9×108
6000 1.0 1.6 1.6 4.9×10−1
6000 1.5 1.3 1.1 8.6×10−4
6000 2.0 1.2 0.90 4.7×10−5
5000 0.3 0.74 0.90 1.7×109
5000 1.0 0.57 0.45 6.5×104
5000 1.5 0.49 0.36 3.6×103
5000 2.0 0.43 0.28 2.6×102
4000 0.3 0.20 0.21 1.8×1013
4000 1.0 0.16 0.11 5.3×1010
4000 1.5 0.13 0.085 4.2×109
4000 2.0 0.12 0.067 6.2×108
Table 4: Case A & Case B Results
Case A: r = 0.0085 AU Case B: r = 0.0069 AU
Host Seff Surface Ozone Column Seff Surface Ozone Column
(K) Teff (K) Depth (cm−2) Teff (K) Depth (cm−2)
6000 1.3 328.4 1.7×1018 2.1 RG∗ RG∗
5000 0.64 249.6 4.4×1018 1.0 290.8 3.3×1018
4000 0.26 191.9 9.6×1017 0.41 216.9 1.3×1018
∗RG indicates a runaway greenhouse state
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Table 6: UV Integrated fluxes evolution Earth comparison
Case Host Teff WD UV/Present day Earth UV
(K) UVA UVB UVC
A 6000 2.1 4.6 6.5×1012
A 5000 3.7×10−1 2.9×10−1 9.3×102
A 4000 6.6×10−2 5.8×10−2 1.8×1012
B 5000 5.7×10−1 4.5×10−1 6.48×104
B 4000 4.2×10−2 4.1×10−2 1.3×1013
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Fig. 7.— UV surface flux for Case B: a planet orbiting at 0.0069 AU, corresponding to Seff = 1.0
for the 5000 K WD surface temperature, and Seff = 0.41 for the 4000 K WD surface temperature
model. At 6000 K the Seff equals 2.07, placing the planet outside of both the conservative as well
as empirical HZ.
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Fig. 8.— Temperature and photochemistry profiles for Case A and B (solid lines), with the Earth-
Sun profile for comparison (dashed).
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